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abstract: Winter is energetically challenging for small herbivores
because of greater energy requirements for thermogenesis at a time
when little energy is available. We formulated a model predicting
optimal wintering body size, accounting for the scaling of both energy
expenditure and assimilation to body size, and the trade-off between
survival benefits of a large size and avoiding survival costs of foraging.
The model predicts that if the energy cost of maintaining a given
body mass differs between environments, animals should be smaller
in the more demanding environments, and there should be a negative
correlation between body mass and daily energy expenditure (DEE)
across environments. In contrast, if animals adjust their energy intake
according to variation in survival costs of foraging, there should be
a positive correlation between body mass and DEE. Decreasing tem-
perature always increases equilibrium DEE, but optimal body mass
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may either increase or decrease in colder climates depending on the
exact effects of temperature on mass-specific survival and energy
demands. Measuring DEE with doubly labeled water on wintering
Microtus agrestis at four field sites, we found that DEE was highest
at the sites where voles were smallest despite a positive correlation
between DEE and body mass within sites. This suggests that variation
in wintering body mass between sites was due to variation in food
quality/availability and not adjustments in foraging activity to varying
risks of predation.
Keywords: life-history evolution, phenotypic plasticity, Bergmann’s
rule, doubly labeled water, small rodent cycles, AIC multimodel
inference.
Theories for the evolution of body size have mostly been
concerned with interspecific patterns and geographical
trends among populations (e.g., James 1970; Speakman
1996; Ashton et al. 2000). Within populations, larger in-
dividuals are often assumed to be fitter because size en-
hances survival and reproductive success (Cuthill and
Houston 1997; Blanckenhorn 2000). While the evidence
for selection favoring larger adult body size is overwhelm-
ing, mechanisms for counterbalancing selection against
large body size are less obvious and generally lack empirical
evidence (Blanckenhorn 2000). In this article we direct
attention to energetic constraints and survival costs during
foraging. In particular we aim to explain variation in win-
tering body size within populations of small mammals.
Winter is an energetically challenging season for small
mammalian herbivores in northern climates: at the same
time that ambient temperature declines and more energy
is required for thermogenesis (McDevitt and Speakman
1994; Jackson et al. 2001), primary production also de-
clines, and less energy is available in the food plants. While
hibernating animals prepare for the winter by accumu-
lating fat reserves (Mrosovsky 1978), many small mam-
mals that remain active in the winter show seasonal
changes in their structural size alongside other physiolog-
ical adjustments.
Whether larger or smaller body size should be favored
under winter conditions is not obvious. On the one hand,
larger bodies are more robust against low temperatures
Body Size and Energy Expenditure 443
(Speakman 1996; Jackson et al. 2001) and periods of in-
sufficient energy supply (Millar and Hickling 1990). On
the other hand, smaller animals have lower absolute energy
requirements and may spend more time in their warm
nests (Madison 1984; Hayes et al. 1992), where they may
also be less exposed to predation (Lima 1998a). Indeed,
different species respond differently to shortened day
length preceding the winter. For example, collared lem-
mings (Dicrostonyx groenlandicus, Traill) living in the high
arctic develop a larger adult body size before the winter
than they do in the summer (e.g., Nagy and Negus 1993;
Gower et al. 1994). Many species of voles, however, main-
tain a smaller body size in the winter than in the summer.
Immature voles that do not reproduce in their year of
birth suspend growth before the winter and do not resume
growing until they become reproductively active in the
following spring (e.g., Boonstra 1989; Hansson 1990; Gli-
wicz 1996). Further, large individuals that have matured
typically reduce their body mass by 20%–40% before the
winter (e.g., Iverson and Turner 1974; Hansson 1992; Aars
and Ims 2002). Shrews show similar seasonal changes in
body size and are known to shrink even skeletal structures
(Dehnel 1949; Crowcroft and Ingles 1959).
These seasonal patterns in body-size development are
known to be cued by changes in photoperiod (Iverson and
Turner 1974; Spears and Clarke 1988; Bronson and Hei-
deman 1994; Kriegsfeld and Nelson 1996) and may thus
be assumed to represent adaptive preparations for the win-
ter (day length per se is unlikely to restrict microtines food
intake, as they feed regularly both day and night). Reduced
winter body mass is suggested to be an energy-saving ad-
aptation that enhances survival when food supply is poor
(e.g., Dark and Zucker 1983; Hansson 1990).
Body mass in northern vole populations varies not only
seasonally. Large variations in body mass of animals in the
same season and life-history stage also occur between years
and habitats. This is most evident in periodically fluctu-
ating populations: animals are larger during the increase
and peak phases of the fluctuations than in the declining
and low phases. Such patterns in body mass variation,
known as the “Chitty effect” (Chitty 1952; Boonstra and
Krebs 1979), have been most widely demonstrated for
breeding adults in the summer season (reviews in Krebs
and Myers 1974; Taitt and Krebs 1985; Norrdahl and Kor-
pima¨ki 2002), but also overwintering nonbreeding animals
have been found to be larger during population increase
(Tast 1984; Hansson 1995; Ergon et al. 2001). Although
such variation in body size and other life-history traits of
small rodents has been demonstrated mainly to be due to
phenotypic plasticity rather than genetic differences
(Boonstra and Hochachka 1997; Hansen and Boonstra
2000; Ergon et al. 2001), the ecological and physiological
mechanisms are largely unresolved.
Below we formalize a model predicting optimal win-
tering body size and energy expenditure of nonbreeding
small mammals that remain actively foraging throughout
the winter. We derive predictions about the relationship
between body mass and daily energy expenditure (DEE)
that should be observed when optimal body mass is mod-
ulated by different mechanisms. Finally, we compare these
predictions to measurements of DEE, obtained by the dou-
bly labeled water technique (Speakman 1997a), of field
voles (Microtus agrestis, L.) in four different field sites that
varied in wintering body mass as well as other life-history
traits and population development (see specific hypotheses
below).
The Model
Large body size (M) renders survival advantages in a winter
environment for two main reasons. First, larger animals
have a higher thermogenic capacity helping them to sus-
tain body temperature during cold periods (Speakman
1996; Jackson et al. 2001). Second, larger animals have a
higher fasting endurance enabling them to survive for
longer periods with negative energy balance (e.g., periods
of low ambient temperature; Calder 1984; Lindstedt and
Boyce 1985; Millar and Hickling 1990).
Fitness may also depend on the proportion of time spent
foraging (P), as animals are presumably more exposed to
predation while foraging (Oksanen and Lundberg 1995;
Lima 1998a). Hence, if body size (M) and foraging time
(P) were independent (i.e., no trade-off), fitness would
increase with higher M and lower P. However, there is
presumably a trade-off between high M and low P because
larger animals require a higher rate of energy intake and
hence more time spent foraging.
The approach taken here is first to derive a function
relating fitness to M and P in the absence of trade-offs.
The fitness isoclines (points with equal fitness) given by
this function may be plotted in the plane spanned by M
and P, which produces an “adaptive landscape” on which
the trade-off curves (attainable values of {M, P}) are su-
perimposed. Optimal body mass, M∗, is the point on the
trade-off curve with highest fitness (see fig. 1D and, e.g.,
Sibly 1991 for the general approach).
Fitness Function
Small mammals do not normally reproduce in the winter,
and we assume that postwinter reproduction and survival
are independent of M and P (see “Discussion”). Hence,
fitness, W, is set to equate winter survival. Winter survival
is given by one component depending on M, Sm(M), a
fixed survival component sf during the proportion of time
spent foraging, P, and a fixed survival component sn during
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Figure 1: Model for optimal body mass of nonbreeding wintering small mammals. A, Fitness equals survival, which depends on both body mass
(M) and proportion of time spent foraging (P; see eq. [3]). Solid line, rate of survival during the time not foraging (plotted on a monthly scale
); stippled line, survival rate when foraging ( ; see eq. [1]). B, Energy required to maintain a given M, Qe(M) (eq. [5]), plotted
30 30(S [M]s ) (S [M]s )m n m f
for different values of ae (arrow indicates increasing ae). C, Energy assimilation depending on P and M (eq. [6]). D, Optimal M and for1 P
different trade-off curves in one “adaptive landscape.” Fitness isoclines (eq. [4]) are plotted as stippled contours (higher fitness with higher M and
). Trade-off curves (eq. [8]) for the different values of ae plotted in B are given as solid lines. Maximum fitness on each trade-off curve is1 P
indicated by an asterisk (found numerically). Maximum rate of assimilation, qmax (see eq. [6]), is reached to the left of the thick line. E, Energy
expenditure ( ) and body mass (M∗) at optimum (asterisks) in the different environments (values of ae). Thin lines are
∗ ∗ ∗ ∗Q p Q (M )p Q (M , P )e a
Qe(M) plotted in B. Thick line, maximum energy assimilation given by (eq. [7]). Arrows in panels B, D, and E indicate increasing
bmq p a Mmax m
energetic demands of the environment (increasing values of ae). Parameter values are realistic for voles when M is given in grams and Q is given
in kilojoules per day: , , , , , , , ,s p 0.995 s p 0.980 b p 0.28 a p 5b Wp {0.970, 0.972, … , 0.998} a p {1.5, 3.0, … , 16.5} b p 0.75 a p 150n f s s s e e c
, , .b p 0 a p 100 b p 0c m m
the proportion of time not foraging, . Hence, survival1 P
rate while foraging is Sm(M)sf, and survival rate when not
foraging is Sm(M)sn. Total survival, or fitness, is thus
P 1P P 1PWp [S (M)s ] [S (M)s ] p S (M)s s . (1)m f m n m f n
We choose the logistic function for Sm(M),
1
S (M)p , (2)m a b Ms s1 e
where as and bs are the intercept and slope of logit(Sm[M])
on M. Substituting this into equation (1) gives the final
expression for fitness as a function of M and P,
P 1Ps sf nW(M, P)p . (3)
a b Ms s1 e
The parameter bs is positive, and . The var-0 ! s ! s ! 1f n
iables M and P are positive, and . Thus, W in-0 ! P ! 1
creases with higher M and lower P.
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Fitness isoclines in the adaptive landscape spanned by
P and M are found by solving equation (3) for M
P 1Pa  log s s /W  1{[( ) ] }s f n
Mp g(P)p . (4)
bs
This fitness function implies that fitness is sensitive to
a change in M at low M and sensitive to a change in P at
high M. At intermediate M, fitness is sensitive to both M
and P (fig. 1A, 1D).
Trade-off Function
At stable body mass, energy assimilation (Qa) must equal
energy expenditure (Qe). Hence, the trade-off function de-
scribing all possible combinations of M and P is found by
requiring that rate of energy assimilation depending on M
and P, Qa(M, P), equals energy required to maintain a
given M, Qe(M).
For Qe(M) we use the usual power function for allo-
metric scaling:
beQ (M)p a M (5)e e
(fig. 1B).
We further assume that Qa(M, P) increases proportion-
ally with P until maximum assimilation is reached (fig.
1C). Hence,
qmaxcP, when P ≤
c
Q (P)p . (6)a qmax{q , when P !max c
Both rate of energy assimilation during the time spent
foraging, c, and maximum energy assimilation, qmax, may
be scaled to M. Substituting andbccp a M q pc max
into equation (6) gives an expression for Qa(M, P)
bma Mm
in its most general form
bma Mmbca M P, when P ≤c bca Mc
Q (M, P)p . (7)a bma Mmbm{a M P, when P 1m bca Mc
Solving for M gives the trade-off func-Q (M)p Q (M, P)e a
tion
1/(b b )e c
bma a Mc mP , when P ≤
b( ) ca a Me c
1/(b b )e mMp h(P)p . (8)
bma a Mm m{ , when P 1
b( ) ca a Me c
All parameters are positive, and the exponents be, bc,
and bm are ≤1. In the lower interval of P, willMp h(P)
decrease when foraging time (P) is reduced (i.e., there is
a trade-off between high M and low P) as long as b !c
. If , then h(P) will increase to as P approachesb b 1 be c e
0, and there is no trade-off. Hence, the model does not
apply for cases where .b 1 bc e
The exponents be, bc, and bm are the degree of mass
dependence, respectively, on Qe, c, and qmax. It seems rea-
sonable to assume that these exponents vary mainly be-
tween species and higher taxonomic groups, whereas the
coefficients ae, ac, and am also vary with the environment.
Model Predictions
Optimal M and P, {M∗, P∗}, are points on the trade-off
curve, , with maximum fitness, W, and may beMp h(P)
found numerically. Figure 1 shows the model predictions
for a given parameterization of the fitness function and
several trade-off curves corresponding to variable Qe(M),
the energetic requirements of maintaining a given M.
Rate of energy expenditure (Q), or DEE, of free-living
animals may be measured by the doubly labeled water
technique (Speakman 1997a). The following general pre-
dictions about the relationship between optimal body
mass, M∗, and equilibrium rate of energy expenditure at
optimal body mass, , follow∗ ∗ ∗ ∗Q p Q (M )p Q (M , P )e a
from the following model.
Prediction 1: Influence of Energy Constraints When Assim-
ilation Is Below Maximum. When animals do not assimilate
energy at their maximum rate (in the lower interval of P;
eq. [6]; fig. 1C), the slope of the trade-off curves (eq. [8];
fig. 1D) for given values of the exponent are1/(b  b )e c
determined by . In environments with lower fooda /ac e
quality or availability, less energy may be assimilated with
the same foraging time (i.e., ac becomes lower), and more
energy is required to maintain a given M (i.e., ae becomes
higher because more energy must be expended to obtain
and digest food). The environment could also be ener-
getically demanding due to predator stress and low tem-
peratures (see below). Due to the lower slope of the trade-
off curve in energetically more demanding environments,
optimal body mass (M∗) will decrease whereas optimal
time spent foraging (P∗) will increase, resulting in a higher
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Figure 2: Model predictions when (A) and (B) (see explanation in fig. 1D, 1E). Arrows indicate the change in the optimality pointsb 1 b b 1 be m m e
when energy demands ( ) increase. Parameter values are the same as in figure 1 except that in A, , , anda a p {1.5, 3.0, … , 13.5} b p 0.4 a pe e m m
, and in B, , , , and .b bm m100/25 a p {4.5,6.0, … , 19.5} b p 0.55 b p 0.99 a p 100/25e e m m
energy expenditure at {M∗, P∗}. Hence, when comparing
environments with different food quality (or variable
in general), a negative correlation between body massa /ac e
(M∗) and energy expenditure (Q∗) should be observed as
long as maximum energy expenditure (qmax) is not reached
(fig. 1E).
Prediction 2: Influence of Energy Constraints When Assim-
ilation Is at Maximum. If the energy demands of the en-
vironment at M∗, Qe(M
∗) increase beyond the point where
animals are able to respond with an increase in energy
assimilation (i.e., in the upper interval of P where qmax is
reached), then energy expenditure at M∗ is given by
. In this case, the effect of a higher ae on
bmq p a Mmax m
M∗ depends on the sign of the exponent (eq.1/(b  b )e m
[8]). If , then a higher ae will give a lower M
∗,b 1 be m
whereas if , then a higher ae will give a higher M
∗.b 1 bm e
These two situations are shown in figure 2. Note that a
positive correlation between Q∗ and M∗ is predicted in
both of these situations when qmax is reached. Note also
that, in the case where , M cannot be maintainedb 1 bm e
below M∗ (individuals with will always have Qa
∗M ! M
below Qe and will eventually die from starvation).
Prediction 3: Influence of Survival Costs of Foraging. If the
survival cost of foraging increases (lower sf relative to sn),
then fitness becomes more sensitive to P, as illustrated in
figure 3A. Because of the steeper slope of the fitness iso-
clines at intermediate M, both M∗ and P∗ on a given trade-
off curve decrease as sf becomes smaller. Hence, if variation
in M∗ is due to optimal adjustments of foraging time in
response to variation in predation risk when foraging, then
a positive correlation between M∗ and Q∗ should occur
(fig. 3B).
Prediction 4: Influence of Temperature. Decreasing ambient
temperature may reduce survival at low M (see first par-
agraph of “The Model”). Shifting Sm(M) in equation (2)
to the right (fig. 1A) by decreasing as will increase the level
of the fitness isoclines (eq. [4]), resulting in a higher M∗
(i.e., Bergmann’s rule; see “Discussion”). However, lower
temperature also imposes higher energetic costs and hence
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Figure 3: A, Predicted optimal body mass (M∗) and foraging time (P∗) with the same energetic constraints (trade-off curve) in four different
environments with respect to survival costs of foraging (decreasing values of sf from top left to bottom right by row). B, Predicted relation between
and . Arrow indicates increasing survival cost of foraging (decreasing sf). See explanation in figure 1D, 1E. Parameter values are
∗ ∗log (Q ) log (M )
the same as in figure 1 except and .s p {0.99, 0.98, 0.97, 0.96} a p 9.0f e
increases Qe(M); see equation (5). An increase in Qe(M)
will lead to a lower M∗ except when qmax is reached in
cases where (see “Prediction 1” and “Predictionb 1 bm e
2”). Hence, whereas Q∗ will always increase with lower
ambient temperature, M∗ may either increase or decrease
when the surroundings become colder depending on the
exact effects of temperature on Sm(M) and Qe(M).
In summary, the model predicts qualitatively different
relationships between Q∗ and M∗ when different mecha-
nisms are responsible for the variation in M∗ between
environments. When variation in M∗ is due to variable
trade-off curves between M and P, there should be a neg-
ative correlation between Q∗ and M∗ when ∗Q ! qmax
(“Prediction 1”) and a positive (or zero) correlation when
(“Prediction 2”). A positive correlation is also∗Q p qmax
predicted when M∗ and P∗ are optimally adjusted to var-
iations in the survival costs of foraging (“Prediction 3”).
Below, we use these predictions to assess hypotheses re-
garding variation in overwintering body mass and energy
expenditure in subpopulations of voles.
Data
In a recent field experiment where field voles (Microtus
agrestis, L.) were transplanted among four locations that
differed in average overwintering body mass of resident
voles (by about 18%), Ergon et al. (2001) showed that
body mass of transplanted voles during midwinter con-
verged toward the average mass at the site to which they
were moved. Thus, the variation in wintering body mass
among these sites reflected plastic individual responses to
the immediate environment rather than differences in the
population structure with respect to fixed individual states
such as age, genetic composition, or persistent maternal
effects (Ergon et al. 2001). We now report on a concurrent
study on the DEE of the wintering voles (February) at
these four sites in the same year. To evaluate general mech-
anisms that may be responsible for variation in body mass
between these sites, we compare the observed associations
between DEE and body mass (M) within and between sites
to the predictions of the above model. In particular, we
assess two working hypotheses.
Hypothesis 1. Between-site differences in body mass were
due to variation in the energetic constraints, determined
by the energy demands of maintaining a given body mass
(i.e., variation in ae) and/or in the body-mass specific rate
of energy assimilation during the time spent foraging (i.e.,
variation in ac; see “Prediction 1” and “Prediction 2”).
Hypothesis 2. Between-site differences in body mass were
due to behavioral responses to variation in the anticipated
survival cost of foraging (sf relative to sn; see “Prediction
3”).
Variation in the energetic demands and rate of energy
assimilation during foraging (hypothesis 1) could be due
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Average body mass in
sampling perioda (g)
 SE












A 4 20 20 18.70  .26 April 9  4.2 days .80  .03 72–12 (84%)
B 4 21 22 20.87  .23 March 18  4.3 days .90  .02 99–69 (30%)
C 20 21 1 20.01  .20 March 30  4.2 days .82  .02 109–61 (44%)
D 20 22 1 20.08  .19 March 27  3.8 days .87  .02 183–107 (42%)
a Means of immature wintering females (excluding females that have previously reproduced).
b Estimated from logistic regression on proportion of females with perforate vagina (Ergon et al. 2001).
c Geometric means of model averaged time–specific survival estimates (five 2-wk intervals in March–May) obtained from CJS models in Program MARK
(White and Burnham 1999). Standard errors were calculated by the d-method using the unconditional VC matrix. Males had lower apparent survival than
females, 95% confidence intervals of odds ratio: 0.48, 0.61.
d Estimates from the robust design model for capture-recapture data (Kendall et al. 1995).
to differences in food quality and predator-induced stress
(see “Discussion”), whereas differences in the survival
costs of foraging (hypothesis 2) would be due to differ-
ences in predator densities (perceived as, e.g., predator
odors) or habitat characteristics.
According to hypothesis 1, the association between equi-
librium energy expenditure (Q∗) and optimal body mass
(M∗) between the sites should be qualitatively different
from the association within sites (see “Prediction 1” and
“Prediction 2”). Whenever animals do not assimilate en-
ergy at their maximum rates (due to survival costs of
foraging), one should, under hypothesis 1, expect a neg-
ative correlation between sites even when there is a positive
correlation within sites (“Prediction 1”).
As illustrated by our model, it should be optimal to
reduce the proportion of time spent foraging (P) when
predation risk is high, leading to both a lower body mass
(M∗) and a lower equilibrium energy expenditure (Q∗; see
“Prediction 3” and fig. 3). Hence, according to hypothesis
2, a positive association between M∗ and Q∗ should occur.
If there are no differences in ae and ac between sites (hy-
pothesis 1), then the association between average body
mass and average energy expenditure at the site level




The study was carried out in Kielder Forest (5513N,
233W), a large fragmented spruce plantation on the bor-
der between Scotland and England. Here, fluctuating sub-
populations of field voles inhabit distinct clear cuts sur-
rounded by dense tree stands that are unsuitable for voles
(Lambin et al. 2000 for description). Vole populations fluc-
tuate asynchronously over a relatively small spatial scale
in this area (Lambin et al. 1998; MacKinnon et al. 2001).
The study took place during February 1999 on four 1-ha
trapping grids following an experiment in which voles had
been transplanted between sites the previous November/
December (Ergon et al. 2001). The populations at the four
sites were monitored by capture-mark-recapture live trap-
ping (Williams et al. 2002) biweekly from February
through May, which revealed large differences in onset of
spring reproduction and survival between sites (table 1)
as well as differences in population growth (Ergon et al.
2001).
Snow and frost spells never lasted more than a few days,
and the ground was only occasionally covered by snow at
the study sites. Temperature varied between 8C (min-
imum night temperature) and 16C (maximum day tem-
perature) during the study period (February). The most
abundant vole predators in the study area are common
weasels (Mustela nivalis, L.), red foxes (Vulpes vulpes, L.),
tawny owls (Strix aluco, L.), and European kestrels (Falco
tinniculus, L.; O’Mahony et al. 1999; Lambin et al. 2000;
Petty et al. 2000; Graham and Lambin 2002). Pathogens
are also highly prevalent in the study populations (Ca-
vanagh et al. 2002).
Field Procedures
We measured DEE of free-living voles using the doubly
labeled water (DLW) technique (Lifson and McClintock
1966; Speakman 1997a). Daily energy expenditure was
measured only in females (all nonbreeding), and the sam-
ples included both transplanted and nontransplanted
voles.
Voles were sampled using Ugglan traps at 7-m spacing,
set at dusk (7–8 p.m.), and checked the following morning
at dawn (7–8 a.m.). The traps were baited with carrots
and barley, and hay was provided for bedding. Upon cap-
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ture, an initial blood sample (∼50 mL) was taken by tail
tipping for background isotope analysis. Animals were in-
jected intraperitoneally with 0.3 mL DLW (10% APE en-
riched 18O water [Enritech, Rehovot, Israel] and 99% APE
enriched 2H water [MSD Isotopes, Pointe-Claire, Quebec,
Canada] mixed in a ratio of 20 : 1), left in the trap for 60
min, and then bled again to obtain an initial blood sample
for isotope analysis. Voles were thereafter released at the
exact location of capture. No attempt was made to recap-
ture injected animals until the following morning, thus
maximizing the amount of time the voles spent in natural
field conditions. Twelve Longworth traps centered on the
site where the vole was initially captured were set before
dawn (6–7 a.m.) in an attempt to recapture individuals
after approximately 24 h. Traps were then checked at 2–
3-h intervals throughout that day. In the event that a vole
had not been recaptured in the first 36 h (20% of cases,
same ability to trap in all sites), traps were left set overnight
to maximize chances of recapture within 48 h. Recaptured
voles were bled and weighed for a second time and released
at the exact location of capture.
Temperature was measured at ground level below the
grass cover and recorded by a data logger at 30-min in-
tervals. For each individual we calculated the mean of the
recorded temperatures within the time between release af-
ter injection and recapture.
Isotope Analysis
Blood samples were distilled using the pipette method of
Nagy (1983). Mass spectrometric analysis of deuterium
enrichment was performed using H2 gas, produced from
the distilled water after reaction with LiAlH4 (Ward et al.
2000). Reactions were performed inside 10-mL Vacu-
tainers (Beckton Dickinson) as detailed by Krol and Speak-
man (1999). For analysis of 18O enrichment, distilled water
was equilibrated with CO2 gas using the small sample
equilibration technique (Speakman 1997a). Preweighed
Vacutainers were injected with 10 mL of distilled water and
reweighed (0.0001 g) to correct for differences in the
amount of water added. Subsequently the Vacutainers with
the samples were injected with 0.5 mL CO2 with a known
oxygen isotopic enrichment and left to equilibrate at 60C
for 16 h. The rations 2H : 1H and 18O : 16O were measured
using dual inlet gas source isotope ratio mass spectrom-
eters (Optima, Micromass IRMS) with isotopically char-
acterized gases of H2 and CO2 (CP grade gases, BOC) in
the reference channels.
We estimated CO2 production using the single pool deu-
terium equation from Speakman (1997a). The error in
individual estimates was determined using the iterative
procedures outlined in Speakman (1995). Conversion to
average DEE was made using an assumed respiratory quo-
tient of 0.8. All calculations were made using the Na-
tureware DLW software (Speakman and Lemen 1999).
Statistical Analysis, Candidate Models, and
Multimodel Inference
The aim of the data analysis was to study the relationship
between body mass (M) and DEE within and between the
four study sites (table 1) and thereby assess our working
hypotheses (see the introduction). The individual-level
(within-site) relationship between M and DEE was mod-
eled explicitly, and the between-site association was as-
sessed by plotting the fitted mean DEE against mean M
at the four sites. Because the effects of ambient temper-
ature (T) may obscure or confound the effects on DEE,
we included this variable in the analysis.
The relationship between DEE and M is customarily
modeled with an exponential function (e.g., Reiss 1989).
Including the effect of T as a multiplicative term, we used
the general model , where ai may take
b b Tm tDEEp a M ei
different values for each of the sites ( ) andip 1, … , 4
where  is a normally distributed independent error
with zero mean. Models were fitted with linear least
squares regression of log-transformed data, log (DEE)p
. This regression gave ho-log (a ) b log (M) b T i m t
mogenous residuals on our data.
Hypothesis 1 is logically consistent with models includ-
ing different intercepts ( ) for the four sites. How-log [a ]i
ever, lack of statistical support for such models could also
be due to sparse data and weak effects. Hence, one would
also need to view the confidence intervals (CIs) of any
“site” effect to be able to claim support for hypothesis 2.
Considering only additive models, we obtained eight
candidate models (table 2), which we compared within the
framework of the “information-theoretic approach” of ob-
servational inference (Anderson et al. 2000; Burnham and
Anderson 2002). For each of the candidate models we
calculated the Akaike’s Information Criterion corrected for
small-sample bias, AICc, which is an estimate of relative
difference between the conceptual high-dimensional
“truth” and the approximating model (the Kullback-
Liebler [K-L] distance) and embodies the principle of par-
simony (finding the optimal trade-off between low bias
[generally complex models] and high precision [generally
simple models]). For least square fits, the AICc is given by
RSS 2K(K 1)
AIC p n log  2K ,c e ( )n n K 1
where size, sum of squares,np sample RSSp residual
and number of estimated parameters includingKp total
intercept and residual variance. We further ranked the
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1 Site 5 .256 .00 .395
2 Site  log (M) 6 .295 .62 .290
3 Site  Temp 6 .262 2.47 .115
4 Site   Templog (M) 7 .300 3.30 .076
5 Constant 2 .000 4.39 .044
6 Temp 3 .054 4.51 .042
7  Templog (M) 4 .076 6.05 .019
8 log (M) 3 .017 6.06 .019
Note: mass, site (factor), and . All models include anMp body Sitep sampling Tempp temperature
intercept. The residual variance ( ) is counted as a parameter in K. R2-adj. is the estimated proportion of2j
variance explained. See “Material and Methods” for the interpretation of the Akaike weights.
models by the “Akaike weights” calculated as model like-
lihoods scaled to sum to 1,
(1/2)Die
w p ,i R (1/2)Dr erp1
where Di is the AICc value of the ith model subtracted the
lowest AICc value among the candidate models.Rp 8
The weights wi can be interpreted as the approximate prob-
abilities that model i is the model with the lowest K-L
distance in the set of candidate models. We used these
weights to calculate weighted averages of the model pre-
dictions and parameter estimates as well as their uncon-
ditional variances incorporating uncertainty in the model
selection (Burnham and Anderson 2002). These weights
may also be summed across subsets of the models to obtain
relative “importance weights” of specific effects (Burnham
and Anderson 2002, pp. 167–169). Variance estimates of
nonlinear-derived estimates were calculated by the “d-
method” (Morgan 2000).
Results
We obtained in total 40 measurements of DEE of female
voles at two sampling occasions at each of the four study
sites (table 1) between February 1 and February 26. The
first parturitions occurred around April 1 at some of the
sites (Ergon et al. 2001). Hence, since the gestation period
of field voles is about 19 d, the last DEE measurements
were taken at least two weeks before first conception (over-
wintering female voles do not initiate spring growth until
they conceive the first litter; see “Discussion”). Both trans-
planted and nontransplanted voles (Ergon et al. 2001) were
included in the samples. However, since “source” popu-
lation before transplant did not have a significant effect
(additive to the “site’” effect) on the variation in either
body mass ( , , ) or measure-Fp 0.15 dfp 3, 204 pp .68
ments of log DEE ( , , ), theFp 2.10 dfp 3, 33 pp .12
“source” effect is ignored in the following presentation.
Average body mass of all immature females at the study
sites during the study period ranged from 18.7 g (site A)
to 20.9 g (site B; table 1). Although the difference was
only 2.2 g ( ), or 11.6% ( ) of the averageSEp 0.3 SEp 2.0
at site A, and the distributions overlapped, the variation
in mean body mass between the sites significantly departed
from random ( ). In addition to having the small-p ! .0001
est overwintering size, voles at site A had the lowest mean
individual growth rate over the following spring (Ergon
et al. 2001), the latest onset of breeding, and the lowest
survival rates, and the population declined drastically dur-
ing the spring (84% reduction [ ] in 14 wk; tableSEp 0.9
1). In contrast, voles at site B matured about 3 wk earlier
in the spring and had the highest survival rates among the
four study sites (table 1).
Measurements of DEE varied nearly fourfold from 57
kJ d1 (0.66 W) to 208 kJ d1 (2.41 W). The data and
sampling protocol are shown in figure A1 in the online
edition of the American Naturalist, and the ranking of the
candidate models are given in table 2.
The “site” effect (three parameters) is clearly a more
important predictor of DEE than both (one pa-log (M)
rameter) and temperature (one parameter; importance
weights of 0.88, 0.40, and 0.25, respectively; see “Material
and Methods”). The model averaged fitted predictions of
these models and the unconditional standard errors are
shown in figure 4. Absolute energy expenditure DEE was
highest at site A, where mean body mass was lowest, and
DEE was lowest at site B, where voles had the highest body
mass. Mean DEE of immature females at site A was 50%
higher than the mean at site B (95% CI: 15%, 96%; model
1) despite the smaller average mass of these voles and a
positive correlation between DEE and body mass within
sites. This pattern is consistent with hypothesis 1: the
between-site differences in body mass were due to variable
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Figure 4: Mean daily energy expenditure (DEE; SE) versus average
body mass (SE) of immature females at the four study sites (A–D).
Fitted predictions of DEE (Y-axis) are obtained by weighted model av-
eraging (see “Material and Methods”) of the candidate models that in-
clude a “site” effect (models 1–4, table 2). Predictions are for the overall
mean value of temperature (3.7C) and the mean body mass at each of
the sites (value on X-axis). Error bars show unconditional SEs (see “Ma-
terial and Methods”). Stippled lines show the fitted slope to body mass
within sites (weighted average of models 2 and 4, table 2), ranging from
the first to the third quartile of the distribution.
energetic constraints. The low proportion of the variance
in the DEE measurements explained (only 25.6% by the
AICc best model) is as expected, given our methods and
sampling design (see “Discussion”).
We did not obtain any precise estimates of the effects
of temperature and body mass (M) on DEE due to the
low range of the variation in these predictor variables
within sites (fig. A1). Daily energy expenditure was esti-
mated to be proportional to M to the power of 0.50 (un-
conditional , model averaging of models 2 andSEp 0.36
4), and an increase in temperature by 1C decreased DEE
by 0.3% (95% CI: 8.1%,8.2%, model averaging of mod-
els 3, 4, 6, and 7).
Discussion
We compared DEE in four sites of wintering field voles
that differed in average body mass and life-history traits
of individuals as well as in population growth. A transplant
experiment preceding this study at the same sites showed
that during midwinter, voles reduced their body mass
when moved to a site where resident voles had lower body
mass and increased body mass when moved to a site where
residents had higher body mass (Ergon et al. 2001). Sur-
vival, body growth, and reproductive development also
converged to the values prevailing at the target sites.
We found that measurements of absolute energy ex-
penditure of wintering females were highest at the site
where average body mass was the lowest. This was despite
a positive correlation between DEE and body mass within
sites. Voles in this site also had the lowest individual growth
rates, the latest onset of spring reproduction, and the low-
est survival, and densities declined drastically during the
following spring (table 1; Ergon et al. 2001). Such a neg-
ative correlation between body mass and DEE is predicted
by our model when energetic costs of maintaining a given
body mass differ between sites and animals do not assim-
ilate energy at their maximum rate due to survival costs
of foraging (“Prediction 1”). Hence, our data support the
hypothesis that voles became smaller in the “decline site”
(site A) because they expended more energy to avoid sur-
vival costs at small body mass (hypothesis 1) and not
because they restricted energy ingestion to avoid survival
costs due to predation when foraging (hypothesis 2). Al-
though we are basing this inference on only four sampling
sites studied in one year, our results suggest a large dif-
ference in the correlations between body mass and DEE
at two sampling scales—opposite signs within and between
sites—which is consistent with our model predictions.
The low proportion of the variance in the DEE mea-
surements explained by the fitted models (only 25.6% by
the AICc best model) is not surprising. Much of the un-
explained variance is presumably due to day-to-day var-
iation in energy expenditure of the voles as well as inter-
individual differences in the metabolic rate, and
considerable measurement error is associated with the
DLW method (Berteaux et al. 1996; Speakman et al. 1994;
Speakman 1997a). Since body mass is a major determinant
of DEE (Speakman 1997b), studies including a larger range
in body mass will naturally explain a larger proportion of
the variance.
Causes of Variation in the Energetic Constraints
One probable reason for increased energy expenditure in
the “decline site” is that high-quality food was less available
in this site, and the voles therefore had to spend more
energy obtaining and digesting food (see prediction 1 in
“Model Predictions”). Energy availability in the vegetation
may vary due to both qualitative and quantitative changes
in the food plants, for example, reduction in plant biomass
due to heavy grazing (e.g., Bergeron and Jodin 1993), fluc-
tuations in the plant demography (Tast 1984; Bernard
1990), and induced plant resistance (reviewed by Herms
and Mattson 1992; Karban and Baldwin 1997).
An alternative explanation could be that voles expended
more energy on predator avoidance or because of
predator-induced chronic stress (Boonstra et al. 1998) in
the “decline site.” More energy spent on escaping pred-
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ators, or due to nonadaptive stress, would also require an
increased energy intake and hence a higher foraging ac-
tivity, which may cause an even higher exposure to pre-
dation. However, if the voles face a higher risk of being
predated while foraging, a better strategy would generally
be to reduce activity (Lima 1998a, 1998b). In fact, a num-
ber of laboratory and enclosure studies suggest that this
is the strategy that voles adopt: voles reduce foraging ac-
tivity when confronted with predator odors and subse-
quently loose weight—probably as a consequence of re-
duced food intake (Desy and Batzli 1989; Ylo¨nen 1994;
Koskela and Ylo¨nen 1995; Carlsen 1999; Perrot-Sinal et
al. 2000). The result of this strategy would be lower energy
expenditure when predation risk is high (hypothesis 2)
and, according to our model, a positive correlation be-
tween DEE and body mass at the site level (fig. 3).
We do not know whether the reduced body mass at the
energetically more demanding sites was the result of a
nonadaptive starvation process or a more controlled adap-
tive response to severe energy constraints, as seems to be
the case when voles reduce body mass as a response to
shorter day length before the winter (see introduction).
However, if there were no survival costs of foraging, or if
the animals did not adjust their time spent foraging ac-
cording to such costs, then animals should always assim-
ilate energy at their maximum rate, and a positive cor-
relation between mean energy expenditure and mean body
mass at the sites should occur (see prediction 2 in “Model
Predictions”). Hence, it appears that the voles in the less
energetically demanding sites (especially site B) must have
responded to a relaxation in the energetic constraints by
reducing foraging time. Such a response may, however,
have evolved as a fixed strategy to a general level of pre-
dation risk. Future studies may reveal whether individual
small rodents perceive and respond to variations in the
predation risk during winter and early spring. Our results,
however, suggest that voles were smaller in the declining
population because of a response to reduced food quality
rather than to increased predation risk.
Wintering Body Mass and Onset of Spring Reproduction
In our model we assumed that postwinter reproductive
value is independent of wintering body mass. This may
not be the case if individuals that maintain a larger size
during winter are able to initiate spring growth and re-
production earlier than smaller individuals. Such a trade-
off between optimal body size for survival and larger size
enabling earlier reproduction seems plausible given that
male voles have both larger overwintering body masses
and an earlier onset of spring growth, as well as lower
winter survival, than females in the same population (Er-
gon et al. 2001; Jackson et al. 2001; Aars and Ims 2002).
Life-history theory predicts that optimal trade-offs
should be shifted toward earlier maturation and higher
reproductive effort in increasing populations (Roff 1992).
Likewise, an earlier commencement of the breeding season
should be optimal when extrinsic prebreeding winter sur-
vival is lower (Ergon 2003). Hence, if voles have evolved
adaptive responses to reliable cues about the population
development or their future survival chances, then optimal
reproductive strategies could potentially be responsible for
between-year variation in overwintering body mass in
multiannually fluctuating populations. Indeed, the differ-
ences in wintering body mass in our study were associated
with large variation in the onset of spring reproduction
(table 1; Ergon et al. 2001). However, if the animals in
“increase sites” maintain a larger body mass to enable early
reproduction despite the increase in energetic costs (and
survival costs) that this would entail, then a positive cor-
relation between body mass and DEE between sites should
be observed. Hence, such a mechanism cannot explain the
between-site variation in body mass in our study.
There are also reasons to believe that the trade-off be-
tween a small overwintering body mass and early spring
reproduction has less significance: although grass-eating
microtines have an energetically constrained food supply
in the winter (see below), grasses are much more nutritious
and digestible during their rapid growth season in the
spring (Herms and Mattson 1992; Vicari and Bazely 1993).
This enables the overwintering voles to grow rapidly on
their superabundant spring food supply (lush grass fields).
Overwintering female voles conceive their first litter while
still at premature size and then more than double their
total body mass (150% gain excluding embryos) during
3 wk of pregnancy (Lambin and Yoccoz 2001; this was
also seen in the spring after the present study [T. Ergon,
unpublished]). Hence, a difference in overwintering body
mass of a few grams probably has only a marginal effect
on the timing of first parturition of females. Males may,
conversely, have benefits of a larger size in an intense
competition for polygynous territories in the early spring
(Ostfeld 1985; Ims 1987), which may explain their larger
wintering size.
Geographical Trends and Interspecific Comparisons
Probably the most studied geographical character trend is
Bergmann’s rule, which states that individuals within spe-
cies (or higher taxonomic groups) tend to be larger in
colder climates (James 1970). This is true for many animal
species, although there are also many species showing the
opposite trend (McNab 1971; Ashton et al. 2000). Freck-
leton et al. (2003) recently showed that intraspecific cor-
relations between temperature and body size between pop-
ulations are consistently negative only for lager mammals
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(10.16 kg), whereas among small mammal species the cor-
relation coefficients differ largely from species to species.
An often suggested selective advantage of larger body size
in cold environments is that larger animals have a lower
surface-to-volume ratio and hence a lower relative heat
loss, and they will therefore spend a lower proportion of
their total energy budget on thermogenesis. This energetic
argument is too simplistic for several reasons (Speakman
1996). Perhaps most seriously, proportion of total energy
budget used on thermogenesis is in itself a very poor mea-
sure of fitness. Selection should not favor low heat loss
relative to total metabolic rate (i.e., large body size) if the
maintenance of a large body mass results in lower survival
or is prohibited by energetic constraints. Our model shows
that when fitness relations to both body size and foraging
activity as well as environmental influences on both energy
expenditure and energy assimilation are considered, the
effects of decreasing temperature on optimal body mass
is not straightforward (see prediction 4 in “Model Pre-
dictions”). Specifically, if the increase in fitness due to
thermoregulatory benefits of a larger body size is smaller
than the fitness cost of maintaining the larger size, then
it is not optimal to increase body size in a colder climate.
Instead, the fitness disadvantages of increased energetic
demands in a cold climate may be compensated for by
reducing body size.
Ashton et al. (2000) noted that contrary to most mam-
mals, five of five studied species of Microtus voles were
smaller at higher latitudes. If the mechanism behind these
geographical trends is of the same kind as the one re-
sponsible for the between-site variation in body mass in
our study, then the smallest and northernmost vole pop-
ulations should exhibit the highest absolute rates of energy
expenditure DEE. However, we are not aware of any stud-
ies relating geographic trends in body size to DEE of small
mammals.
Unlike most microtines, collared lemmings (Dicrostonyx
groenlandicus, Traill) living in the high arctic grow larger
instead of becoming smaller in the winter (Malcolm and
Brooks 1993; Nagy et al. 1994). One possible mechanism
leading to a larger winter size is illustrated in figure 2B
(see prediction 2 in “Model Predictions”): if andb 1 bm e
the animals assimilate energy at maximum rate (qmax), then
optimal body mass (M∗) increases as the energetic costs
of the environment (Qe[M]) become more severe. How-
ever, a more probable explanation is that winter conditions
impose a stronger effect on the mass dependent survival
than on the mass dependent energetic constraints of this
species (see prediction 4 in “Model Predictions”). First,
collared lemmings show several morphological changes in
addition to growth to a larger size that indicate that they
are adapted to more extreme exposure to the cold winter
conditions. These include development of long bifid claws
for digging in the snow, the moult to a long and dense
white pelage, and development of a rounder body shape
that decreases heat loss (Reynolds and Lavinge 1988; Mal-
colm and Brooks 1993). Other microtines at high latitudes
and altitudes stay most of the winter in the subnivean
space where temperatures never fall much below freezing
(Schmid 1984; Marchand 1996). Second, collared lem-
mings have a different diet than most other folivorous
microtines and are probably less energetically stressed by
the winter food conditions. Whereas Microtus voles and
lemmings of the genus Lemmus feed largely on gramineous
monocots (Batzli 1993; Hja¨lte´n et al. 1996), collared lem-
mings feed mainly on dicots, especially Salix shrubs and
Dryas spp. (Batzli 1993). Monocot grasses are, apart from
a rapid growth season, generally heavily defended with
digestibility reducers (Howe and Westley 1988; Vicari and
Bazely 1993), and most of the green biomass in grassland
habitats disappears before the winter. Dicots, however, are
more digestible to animals that can deal with their toxins
(Batzli and Cole 1979; Howe and Westley 1988; Batzli
1993) and probably represent a more seasonally stable food
source than grasses (Negus and Berger 1998).
Grass-eating microtines have evolved a large and effi-
cient but energetically costly digestive system (McNab
1986; Koteja and Weiner 1993), which adds to their con-
strained winter energy budget. Their large gut capacity
may, however, enable the animals to assimilate larger
amounts of energy when high-quality grass is abundant
in the spring, facilitating a rapid growth and reproduction
(see above). Clearly, to understand interspecific patterns
as well as intraspecific and seasonal variations in body size
of animals, one must consider many aspects of nutritional
ecology and animal energetics as well as trophic interac-
tions and life-history trade-offs. Our model provides a
framework for such analyses.
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